Mitochondria of mammalian cells contain multiple copies of mitochondrial (mt) DNA. Although mtDNA copy number can fluctuate dramatically depending on physiological and pathophysiologic conditions, the mechanisms regulating mitochondrial genome replication remain obscure. Hypoxia, like many other physiologic stimuli that promote growth, cell proliferation and mitochondrial biogenesis, uses reactive oxygen species as signaling molecules. Emerging evidence suggests that hypoxia-induced transcription of nuclear genes requires controlled DNA damage and repair in specific sequences in the promoter regions. Whether similar mechanisms are operative in mitochondria is unknown. Here we test the hypothesis that controlled oxidative DNA damage and repair in the D-loop region of the mitochondrial genome are required for mitochondrial DNA replication and transcription in hypoxia. We found that hypoxia had little impact on expression of mitochondrial proteins in pulmonary artery endothelial cells, but elevated mtDNA content. The increase in mtDNA copy number was accompanied by oxidative modifications in the D-loop region of the mitochondrial genome. To investigate the role of this sequencespecific oxidation of mitochondrial genome in mtDNA replication, we overexpressed mitochondria-targeted 8-oxoguanine glycosylase Ogg1 in rat pulmonary artery endothelial cells, enhancing the mtDNA repair capacity of transfected cells. Overexpression of Ogg1 resulted in suppression of hypoxia-induced mtDNA oxidation in the D-loop region and attenuation of hypoxia-induced mtDNA replication. Ogg1 overexpression also reduced binding of mitochondrial transcription factor A (TFAM) to both regulatory and coding regions of the mitochondrial genome without altering total abundance of TFAM in either control or hypoxic cells. These observations suggest that oxidative DNA modifications in the D-loop region during hypoxia are important for increased TFAM binding and ensuing replication of the mitochondrial genome.
Introduction
Reactive oxygen species (ROS) from mitochondria and other endogenous and exogenous sources constantly generated in living cells have the potential to damage lipids, proteins, RNA and DNA [1] . DNA damage, in particular, may trigger cell death pathways or lead to mutations [2] . Pathogenic oxidant stress is directed not only at the nuclear genome; oxidative damage and resulting mutations in the mitochondrial DNA also are linked to a range of human disorders, including aging, cancer, neurodegenerative and cardiovascular diseases [3, 4] .
Traditional concepts hold that maintenance of DNA integrity is indispensable to normal cellular physiology; damage must be repaired, or cells die or harbor potentially deleterious mutations. However, there is emerging evidence that, at least for nuclear genes, controlled DNA damage and repair may be necessary for normal transcriptional regulation. For example, in vitro studies on the p50 subunit of the NF-κB transcription factor binding to the NF-κB promoter showed that oxidation of guanine at sites critical for protein recognition increases p50 binding affinity [5] . In MCF-7 cells, activation of estrogen responsive elements in selected genes leads to transient, oxygen radical-mediated DNA strand breaks that appear to be required for long-range changes in DNA topography and increased mRNA expression [6, 7] . We have shown Contents lists available at ScienceDirect journal homepage: www.elsevier.com/locate/freeradbiomed previously that a similar pathway is operative in pulmonary artery endothelial cells (PAECs) where hypoxia, like other physiologic signals using reactive oxygen species as second messengers [8, 9] , causes ROS-dependent modifications at specific bases within hypoxia-response elements of hypoxia-inducible genes [10] [11] [12] . The oxidative lesions associated with hypoxic signaling are temporally related to mRNA accumulation [11] and restricted to hypoxia-response elements associated with transcriptionally-active nucleosomes [13] . Mimicking the effect of hypoxia by introducing model oxidative base modifications in the hypoxia-response element of the VEGF promoter leads to enhanced sequence flexibility, altered transcription factor binding and more robust reporter gene expression [10, 14] . Collectively, these findings support the concept that controlled, ROS-mediated nuclear DNA damage and repair are associated with normal physiologic signaling and function to alter the topology and flexibility of key promoter sequences thereby facilitating regulatory protein binding and productive transcription [7, 15] . These observations raise an intriguing question relative to the mitochondrial genome: could a similar model for ROS-dependent transcriptional activation be operative in mitochondria?
In mammalian cells, each of the hundreds-to-thousands of mitochondria per cell harbors 2-10 copies of mitochondrial DNA [16] . Increases in the cellular contents of mtDNA can be stimulated by a variety of metabolic and/or pathophysiologic stresses. For example, increased mtDNA content has been reported in aging tissues [17] [18] [19] , some cancers [20] , in cells treated with lipopolysaccharide [21] , and in cells treated with non-lethal concentrations of hydrogen peroxide [22] . In many cell types, including lung cells, both hypoxia and hyperoxia can also stimulate an increase in mtDNA content [23] [24] [25] [26] [27] . Importantly, a feature common to all of these diverse conditions is increased oxidant stress. However, the mechanism by which oxidant stress stimulates mtDNA replication remains unknown.
As discussed subsequently, multiple lines of indirect evidence suggest that "DNA damage and repair pathway" believed to govern nuclear gene expression also functions to regulate mtDNA replication. In many cell types, oxidant stress leads to upregulated expression of the key transcription factor driving mitochondrial gene expression and mtDNA replication, mitochondrial transcription factor A (TFAM) [28] . TFAM, being the main structural protein of the nucleoid, plays a significant role not only in mitochondrial genome transcription and replication, but also in packaging and repair of the mtDNA [29] . TFAM initiates mitochondrial transcription by binding to a non-coding regulatory sequence known as the D-loop region, which contains light-strand and heavystrand promoter sequences. While the fine mechanism of mtDNA replication remains controversial, both existing models of this process hold that mtDNA synthesis requires extension of RNA primers, the generation of which is mediated by transcription machinery [30] . Thus, the TFAM-mediated processes of mtDNA transcription and replication are tightly and inextricably linked [31, 32] .
The D-loop region is known to be exquisitely sensitive to oxidant stress. In this regard, while mtDNA is about 30-fold more sensitive to ROS-mediated damage than the nuclear genome [33] , the few studies focusing on the D-loop region suggest that it is even more prone to oxidant attack than the coding portion of the mitochondrial genome [34, 35] . It has also been reported that incorporation of oxidative base damage products into model oligonucleotides enhances DNA binding affinity for TFAM [36] .
Previously, we have successfully shown that hypoxia induces ROS production in rat pulmonary artery endothelial cell culture [8, 9] and that mitochondria are involved in this process [8, 13, 37] . Against this background, the present study tested the hypothesis that controlled oxidative DNA damage and repair in the D-loop region of the mitochondrial genome are required for mtDNA replication and transcription in hypoxia. To address this issue and to decrease hypoxia-induced mtDNA oxidative damage, we used our previously published strategy -targeting human DNA glycosylase Ogg1 (hOgg1), an enzyme executing the first step in base excision repair, to mitochondria of rat pulmonary artery endothelial cells [38] . Oxidative stress can result in a variety of mtDNA lesions, including single-strand breaks, abasic sites and oxidized DNA bases, among which guanine is the base most susceptible to oxidation [39] . Mitochondria employ multiple DNA repair mechanisms to repair ROS-induced damage, but base excision repair (BER) is the primary pathway used to remove oxidatively-modified DNA bases [39, 40] . Several DNA glycosylases responsible for recognition and removal of base lesions during the first step in the BER pathway have been identified in mitochondria, including Ogg1, NEIL1 and NEIL2, MutY homolog MYH, Endo III homolog NTH1, and uracil DNA glycosylase UNG1 [40] . Ogg1 and NEIL enzymes have overlapping specificity to 8-oxoguanine; nevertheless, Ogg1 remains the primary enzyme for the repair of oxidized purines [40, 41] . In our previous work we showed that cells deficient in Ogg1 demonstrated increased mtDNA damage and oxidant-mediated apoptosis, indicating that Ogg1 may be a rate-limiting enzyme in the mitochondrial BER [42] . On the other hand, overexpression of mitochondria-targeted human Ogg1 in rat PAECs and other cell types significantly enhanced DNA repair capacity and protected mtDNA from oxidant-induced damage [38, [43] [44] [45] . In the present study we expected that overexpression of mitochondria-targeted hOgg1 would improve mitochondrial DNA repair and, thus, decrease hypoxia-induced oxidative damage to the mitochondrial genome. Then we analyzed replication and transcription of mtDNA in control cells and cells transfected with hOgg1 under hypoxic conditions. Abundance of TFAM, as a key mitochondrial transcription factor, and its binding to the mtDNA were also studied.
Materials and methods

Cell culture and treatment
Rat PAECs were harvested and cultured as described previously [42] . Control (normoxic) cells were cultured in a water-jacketed incubator purged with air þ5% CO 2 , while hypoxic cells were cultured for the indicated periods in an incubator purged with air, N 2 , and CO 2 to create an environment consisting of 2% O 2 , 5% CO 2 , and 93% N 2 .
Ogg1 overexpression and its assessment
We stably transfected rat PAECs with lentivirus to overexpress hOgg1 in mitochondria. Empty lentiviral vector and vector containing hOgg1 gene were prepared as described previously [38] .
Transfected cells were cultured in medium containing 10 μg/ml puromycin for 72 h to exclude cells without lentiviral construct. Transfection was confirmed by real time and conventional RT-PCR analyses, and Western blot analysis as described earlier [11, 38] . Briefly, for quantitative RT-PCR analysis total RNA was isolated from rat PAECs using PrepEase RNA Spin Kit (Afflymetrix, Santa Clara, CA) and quantitative real-time RT-PCR was then performed using the USB VeriQuest SYBR Green One-Step qRT-PCR Master Kit with Fluorescein (Afflymetrix, Santa Clara, CA) according to the manufacturer's protocol using sets of primers for rat and human Ogg1 listed in Table 1 . Immunoblotting analysis was performed using an antibody to Ogg1 (Abcam, Cambridge, UK).
Isolation of subcellular fractions and Western immunoblot
analyses for Ogg1 and TFAM Subcellular fractions were prepared as described previously [46] with minor modifications. In brief, PAECs were rinsed three times with PBS and two times with 0.25 M sucrose and 10 mM triethanolamine-acetic acid, pH 7.8, at room temperature and harvested in ice-cold 0.25 M sucrose, 1 mM EDTA, and 10 mM triethanolamine-acetic acid, pH 7.8. The following steps were carried out at 0-4°C. The cell suspension was transferred to a Dounce grinder and homogenized with 10 strokes. The homogenate was centrifuged on a cushion (5 ml) containing 0.35 M sucrose, 20 mM HEPES-NaOH pH 7.4, and 1 mM EDTA at 700g for 10 min at 4°C. The fraction around and above the interphase was collected as crude mitochondria and reserved for mitochondrial isolation. The nuclear pellet was suspended in 3 ml of nuclear isolation buffer (0.25 M sucrose, 20 mM HEPES-NaOH pH 7.4, 25 mM KCl, and 5 mM MgCl 2 ) and purified on a 3-ml cushion containing 0.8 M sucrose, 20 mM HEPES-NaOH pH 7.4, 25 mM KCl, and 5 mM MgCl 2 at 3000g for 15 min at 4°C. The nuclear pellet so obtained was washed with nuclear isolation buffer and centrifuged at 1000g for 10 min. The pellet containing purified nuclei was suspended in 300 μl of RIPA buffer (Cell Signaling Technology, Danvers, MA), incubated for 30 min on ice, and centrifuged at 18,000g for 15 min. The supernatant was designated as thenuclear fraction. The crude mitochondrial fraction, collected as described above, was centrifuged at 18,000g for 20 min to pellet mitochondria, which were suspended in 2 ml of mitochondrial isolation buffer (0.2 M mannitol, 50 mM sucrose, 20 mM HEPES-NaOH pH 7.4, and 1 mM EDTA) and centrifuged under the same conditions. The pellet containing mitochondria was suspended in 300 μl of RIPA buffer (Cell Signaling Technology, Danvers, MA), incubated for 30 min on ice, and centrifuged at 18,000g for 15 min. This latter supernatant was designated as the mitochondrial fraction.
Nuclear and mitochondrial fractions were subjected to Western immunoblot analysis as described previously [38] using antibody against Ogg1 (Abcam, Cambridge, UK) to determine subcellular distribution of the enzyme in transfected cells. To assess total TFAM abundance, cells were harvested after hypoxic exposure, lysed in 2% SDS electrophoresis loading buffer, and subjected to immunoblot analysis using TFAM antibody (Santa Cruz Biotechnology, Santa Cruz, CA). Antibodies against β-actin (Sigma, St.
Louis, MO), ATP synthase (Complex V) subunit alpha (Thermo Fisher Scientific, Waltham, MA) and against lamin B (Santa Cruz Biotechnology, Santa Cruz, CA) were used as markers for total protein and mitochondrial and nuclear fractions, respectively. The peroxidase-conjugated secondary antibody were detected by chemiluminescence with SuperSignal West Dura substrate (Thermo Fisher Scientific, Waltham, MA) using Gel Logic 1500 Imaging System (Kodak, Rochester, NY).
Assessment of mtDNA replication and transcription
The content of mtDNA in rat PAECs was determined by slot blot analysis as described previously [47] . In brief, isolated DNA was precisely quantified, adjusted to the same concentration with H 2 O, and treated with 0.4 N NaOH for 10 min at room temperature to denature the DNA. The indicated amounts of total DNA were then blotted onto a nylon membrane (Roche Diagnostics, Sigma, St. Louis, MO) using a slot blot apparatus (Hoefer, Holliston, MA), membranes were hybridized with a DIG-labeled mtDNA-specific probe and processed as described below. Mitochondrial DNA content was normalized to the nuclear DNA, using a probe to the VEGF gene. Primers used for PCR-generation of mtDNA probe (coding region) and VEGF probe are listed in Table 2 .
Transcription of mitochondrial genes ATP6, Cox2, and ND4 was assessed by real time RT-PCR analysis as described earlier in Methods, using sets of primers listed in Table 1 .
Detection of mtDNA oxidative damage
Two different strategies were employed to detect damage to the mitochondrial genome. First, quantitative Southern blot analysis was used to detect oxidative damage in large sequences of mtDNA. To measure oxidative mtDNA damage separately in two mtDNA regions, we cut cellular mtDNA with restriction enzymes into two fragments of interest: a smaller sequence containing the D-loop region and a larger fragment containing most of the coding sequences. Second, we used a PCR-based assay to detect base modifications in short sequences of selected mitochondrial regions. For both assays, total DNA was isolated immediately after treatment using the DNeasy Blood and Tissue Kit (Qiagen GmbH, Valencia, CA). Before isolation all buffers were purged with nitrogen to prevent DNA oxidation.
Southern blot analysis was performed as published previously with minor modifications [42] . In brief, purified DNA was digested with PpuMI and AhdI restriction enzymes (New England Biolabs, Beverly, MA), 10 U/μg DNA, overnight at 37°C. This resulted in cutting mtDNA into two fragments -a small (2.7 kb) sequence containing the D-loop region and a large (13.6 kb) coding sequence. Digested DNA samples were precipitated, dissolved in TE buffer, and precisely quantified on the Bio-Rad Versa Fluor fluorometer (Bio-Rad Laboratories, Hercules, CA) using Quant-iT PicoGreen dsDNA Assay Kit (Life Technologies, Carlsbad, CA). To reveal oxidative base modifications, DNA was treated with formamidopyrimidine glycosylase (Fpg; New England Biolabs, Beverly, MA), a bacterial DNA repair enzyme that cleaves DNA at sites of oxidized purines. Samples containing 500 ng DNA were treated with 8 units of Fpg in 20 μl of reaction volume at 37°C for 1 h.
Subsequently, Fpg-treated and untreated samples were incubated with 0.1 N NaOH for 15 min at 37°C, and resolved in 0.6% agarose alkaline gel. After electrophoresis and DNA transfer to a nylon membrane (Roche Diagnostics, Sigma, St. Louis, MO), portions of the membrane with DNA sequences of interest were hybridized with PCR-generated probes to the corresponding regions of mtDNA. The mtDNA probes, labeled with a DIG-labeling kit (Roche Diagnostics, Sigma, St. Louis, MO), were generated with rat mtDNA sequences used as templates and the primers listed in Table 2 . After cross-linking, the membranes were washed and processed according to the manufacturer's suggestions. Hybridization bands were detected with Amersham Hyperfilm ECL (GE Healthcare, Piscataway, NJ) and a Gel Logic 1500 Imaging System (Kodak, Rochester, NY). Single-strand breaks formed at the sites of oxidized purines by Fpg treatment result in decrease of Southern blot hybridization band intensity that depends on the relative amount and integrity of DNA. Changes in hybridization band intensity between Fpg-treated and untreated DNA indicate the extension of oxidative base damage. These changes in the Fpg-sensitive lesion density were calculated as negative ln of the quotient of hybridization band intensities in Fpg-treated and untreated samples and normalized to 10 kb. This method of calculation is based on the application of a Poisson equation for the undamaged sequences and has been traditionally used for the analyses of DNA damage by Southern blot and quantitative PCR [33, 48] . As a complimentary method to detect mtDNA oxidative damage we employed Fpg-sensitive real time PCR analysis as described earlier [8] , using the primers encompassing the sequences in the D-loop region and in the ND4 gene and listed in Table 1 . The basis of the assay is treatment of mtDNA with Fpg that removes oxidized purines from DNA, thereby creating single-strand breaks and blocking PCR amplification at these sites. Differences in PCR amplification between Fpg-treated and untreated DNA are thus a specific indicator of the presence of oxidative base damage. The Fpg cleavage reaction was performed by incubating 250 ng of DNA with 8 units of Fpg in 1 Â NEBuffer 1 (10 mM Bis-Tris propane-HCl, 10 mM MgCl 2 , 1 mM DTT, pH 7.0) and 100 μg/ml BSA in a volume of 50 μl at 37°C for 1 h. Fpg was then inactivated by heating at 60°C for 5 min. An aliquot containing 10 ng DNA was then used for the PCR assay to detect Fpg-sensitive cleavage sites. Data are presented as the fraction of intact DNA, calculated as the quotient of signal intensities in Fpg-treated and untreated DNA.
Analysis of TFAM binding to mtDNA
TFAM binding to the D-loop and coding regions of mtDNA was studied with mtDNA/protein cross-linking and immunoprecipitation analysis using a standard, commercially-available ChIP assay kit (Active Motif, Carlsbad, CA) and adapted ChIP protocol as described elsewhere [49] with modifications. Briefly, after exposure to hypoxia, $ 2 Â 10 7 PAECs were fixed with 1% formaldehyde (Sigma, St. Louis, MO) for 10 min, washed with ice-cold 1 Â PBS, and fixation reaction terminated by addition of Glycine Stop Fix solution for 5 min. PAECs were washed and collected in Cell Scraping Solution supplemented with 0.5 mM PMSF. DNA was sheared to $ 500 bp fragments by sonication for ten 20 s pulses at 25% amplitude with a Vibracell VCX 130PB (Sonics & Materials, Newtown, CT). Protein-mtDNA complexes were then immunoprecipitated with TFAM antibody (Santa Cruz Biotechnology, Santa Cruz, CA) according to the manufacturer's instructions. The yield of target region DNA in each sample after precipitation was analyzed by real-time PCR using USB VeriQuest Fast SYBR Green qPCR Master Kit with Fluorescein (Afflymetrix, Santa Clara, CA). The primers used for the analysis of TFAM binding to the D-loop region and to the ATP6 site in coding region are listed in Table 1 . Amplification of input DNA before immunoprecipitation at a dilution of 1:10 was used as a positive control. A companion analysis without any antibody served as a negative control.
Statistical analysis
Reduced data are presented as the mean 7standard error (SE). Depending on the experimental design, differences in mean values were assessed using unpaired t-test or one-way ANOVA combined
Results
Hypoxia increases the abundance of mtDNA in rat PAECs
Our initial experiments with rat PAECs using slot-blot analysis showed that hypoxia caused a time-dependent increase in mtDNA abundance. The results of these studies are presented in Fig. 1 and show the time course of mtDNA content in the rat PAECs after cell exposure to hypoxia. Mitochondrial DNA copy number in PAECs peaked at 6 h of hypoxic exposure and remained elevated till 24 h under hypoxia. According to our hypothesis, this elevation in mtDNA content requires increased base oxidation in the D-loop region of mtDNA.
Hypoxia selectively damages the D-loop region of mtDNA in rat PAECs
Southern blot analysis of mtDNA from PAECs for oxidative modifications in the coding and D-loop regions during hypoxia revealed significantly different levels of oxidative damage in these two sequences of the mitochondrial genome ( Fig. 2A) . To enable detection of oxidative modifications, we treated DNA with Fpg glycosylase, which cleaves DNA at sites with purine base oxidative damage. Application of alkaline gel electrophoresis and Southern hybridization to samples not treated with Fpg was used to reveal alkali-detectable lesions such as strand breaks and abasic sites. Treatment of the samples with Fpg along with alkali was employed to detect oxidative damage to purine bases. In experiments with rat PAECs we found that the hypoxia did not induce alkalidetectable DNA damage in either the coding region or the D-loop region (Fig. 2B ), but generated oxidative base modifications that were prominent in the mtDNA D-loop region after 1-3 h of hypoxic exposure and were absent in the coding region of the mitochondrial genome (Fig. 2C) . Quantitative data calculated as increase in purine oxidative lesion density are depicted in Fig. 2D and show that hypoxia significantly elevated the density of purine base oxidation products in the D-loop region of mitochondrial genome.
As an additional approach to confirm the detection of oxidative base modifications in sequences of the D-loop and coding regions of the mitochondrial genome, we used Fpg-sensitive conventional and real time PCR analyses. The results of experiments with both PCR techniques confirmed findings obtained in the Southern blot studies; hypoxia-induced damage was restricted to the regulatory D-loop region in the mitochondrial genome (Fig. 3) . Fpg-sensitive lesions were observed only in the D-loop region after culturing rat PAECs in hypoxic conditions for 2 and 3 h, whereas the coding region of mtDNA, specifically a sequence nested within the ND4 gene, did not show any oxidative damage after hypoxic exposure. It is important to note that the oxidative lesions to the D-loop region during hypoxia temporally preceded hypoxia-induced increase in mtDNA copy number.
Transfection of rat PAECs with mitochondria-targeted hOgg1
To explore the role of oxidative DNA damage to the D-loop region in mtDNA replication, we overexpressed mitochondriatargeted human DNA repair glycosylase Ogg1 and studied the effect of enhanced DNA repair on mitochondrial DNA replication and transcription during hypoxia. The results of real time and conventional RT-PCR analysis shown in Fig. 4A -B confirmed successful overexpression of hOgg1 in rat PAECs. The results of Western blot analysis depicted in Fig. 4C show preferential mitochondrial localization of hOgg1. Empty vector-and hOgg1-transfected cells were then exposed to hypoxia and analyzed for oxidative mtDNA damage, mtDNA copy number and transcription of mitochondrial genes.
Overexpression of hOgg1 eliminates hypoxia-induced oxidative damage in D-loop region and attenuates hypoxia-induced mtDNA replication in rat PAECs
The quantitative Southern blot analysis shown in regulatory D-loop region of the mitochondrial genome, but did not change the baseline level of oxidation in the coding region of the mtDNA. If our hypothesis is correct, then elimination of D-loop oxidation should prevent changes in mtDNA replication and transcription. Slot blot analysis was used to assess the mtDNA content in normoxic and hypoxic vector-and hOgg1-transfected cells. Results shown in Fig. 6 revealed that the increase in mtDNA copy number in PAECs exposed to hypoxia was completely attenuated in cells overexpressing hOgg1.
Since mechanisms of replication and transcription of the mtDNA are tightly connected, we analyzed the abundance of three mitochondria-encoded transcripts, ATP6, Cox2, and ND4, using real time RT-PCR. The results of these experiments are shown in Fig. 7 . Neither hypoxia, nor hOgg1 overexpression, had significant effects on the selected mitochondrial mRNAs, although there was some tendency toward decrease in abundance of some transcripts at 24 h of hypoxic exposure.
Overexpression of hOgg1 attenuates TFAM binding to both D-loop and coding regions of mtDNA in rat PAECs
To explore a possible mechanism whereby mtDNA oxidation during hypoxia regulates mtDNA replication, we determined if mtDNA oxidative modifications impacted TFAM binding to the mtDNA. Since TFAM preferentially binds to oxidized DNA, we expected that enhanced mtDNA repair in cells overexpressing hOgg1 should affect its binding. A modification of the ChIP assaymtDNA/protein cross-linking and immunoprecipitation analysiswas performed on vector-and hOgg1-transfected rat PAECs after cell exposure to hypoxia for 1, 3, and 6 h using an antibody to TFAM. The results of the PCR analysis, using primers for coding and D-loop regions and precipitated DNA as a template, are depicted in the Fig. 8A . Surprisingly, in vector-transfected PAECs, TFAM binding to the D-loop region of mtDNA increased only transiently after 1 h of hypoxia, whereas its binding to the coding region of mtDNA was elevated at all times in hypoxic PAECs when compared to normoxic cells. Mitochondria-targeted hOgg1 overexpression attenuated TFAM binding to both the D-loop and coding regions of mtDNA. The results of Western blot analyses showed that hypoxia did not change TFAM abundance in total cell lysates (Fig. 8B ).
Discussion
Hypoxia, as a fundamental stimulus, which complicates many cardiopulmonary, infectious and neoplastic disorders, displays complex and sometimes controversial action on cells and mitochondria. Indeed, the cell's reaction to hypoxia depends on many factors: cell origin, nutrient conditions, duration and severity of hypoxia [50] . In some cases hypoxia appears as a damaging factor, inducing autophagy, inflammation, cell injury, and apoptosis [50] [51] [52] . But in many tissues, especially in the vasculature, hypoxia, by up-regulating VEGF expression, acts as a powerful stimulus for cell proliferation, vasculogenesis and angiogenesis [53] [54] [55] [56] . The effect of hypoxia on mtDNA replication and mitochondrial biogenesis is also complex and may depend on many factors, including sex specificity [57] . Although some cell types respond to hypoxia by reducing their mitochondrial biogenesis and mtDNA content [58] [59] [60] , mtDNA copy number is reported to increase under hypoxic conditions in many other tissues, including brain, liver, heart, placenta, sperm and blood cells [23] [24] [25] [61] [62] [63] [64] [65] [66] [67] . Hypoxia, like many other factors that affect mitochondrial biogenesis, utilizes mitochondria-generated ROS as second messengers [68] [69] [70] [71] . In the context of ROS-mediated nuclear gene expression, a surprising target of free radicals is specific DNA sequences in gene promoters, and emerging evidence suggests that a process of "controlled oxidative DNA damage and repair" may be necessary for normal transcriptional regulation [6, 7, 10, 11, 15, [72] [73] [74] [75] [76] . In this model, ROS generated during signaling lead to oxidative DNA "damage" and activation of base excision repair in key promoter sequences. Complete execution of the repair entails the formation and subsequent re-ligation of DNA strand breaks; such breaks have profound effects on DNA topology, flexibility, and conformation, which may contribute to regulation of promoter function and gene expression.
Could a similar model for ROS-dependent transcriptional activation be operative in the mitochondrial genome, triggering mtDNA replication and transcription via formation and repair of oxidative base lesions in the mtDNA transcriptional regulatory region -the D-loop? Such a mechanism could be involved in either mtDNA replication or transcription, since initiation of both processes is mediated by the same transcription machinery [30] .
Results of the present study support this intriguing idea. Whereas in our earlier research we focused mostly on the "common deletion" region of the mtDNA [9] , in the present work we searched for oxidative damage in two discrete, functionally relevant mtDNA regions: the D-loop region with flanking sequences, and the coding region of the mitochondrial genome.
We were particularly interested in the D-loop region of the mtDNA because of its exquisite sensitivity to oxidative damage [34, 35] . In addition, it has been reported that base oxidation in the model oligonucleotides enhance DNA binding affinity for TFAM, the main factor for regulation of the transcription and replication of the mtDNA [36] . Our experiments on PAECs showed that hypoxia-induced transient oxidative damage to mtDNA was localized in the D-loop region and was absent in the coding region of the molecule. This mtDNA oxidation temporarily coincided with a transient increase in TFAM binding and an elevation in mtDNA copy number, suggesting the potential role of oxidative modifications in the D-loop region for the TFAM binding and mtDNA replication.
Being part of the High Mobility Group domain family proteins, TFAM is capable of introducing specific structural alterations in DNA; in the mtDNA D-loop region, binding of TFAM is believed to unwind [77, 78] and bend the promoter sequences [79] . The enhanced bending of the promoter DNA imparted by the C-terminal tail is considered as a critical component of the ability of TFAM to initiate transcription and subsequent mtDNA replication machinery [29, 79] .
The requirement for a TFAM-induced conformational change in the D-loop is central to our model. For TFAM binding to initiate conformational changes in the D-loop, it must overcome the intrinsic stiffness of the sequence. In mammalian cells, the circular mtDNA is covalently closed and adopts a supercoiled configuration [80] . Replication of mtDNA, like any other closed-circular DNA, requires cycles of nicking and closing of strands in parental mtDNA to relieve tensional stress caused by supercoiling [81] . Recently it was shown that TFAM binding to mtDNA increases its flexibility which can be explained by local denaturation of the DNA [82] . We have observed hypoxia-induced formation of oxidative mtDNA base modifications in the D-loop region in a very narrow time interval (1-3 h of hypoxia) that might be sufficient for the transient increased binding of TFAM to this region. We suggest that this increased TFAM binding temporarily decreases stiffness in the regulatory sequence, increases its flexibility, and changes its conformation. This, in turn, may reduce the steric obstruction and facilitate assembly of other components of the replication machinery, which results in increased mtDNA replication. We can also suggest involvement of DNA repair enzymes in the regulation of mtDNA replication, since D-loop oxidative lesions under hypoxic exposure were transient in character and were eventually repaired. Such a possibility is supported by some existing data on potential involvement of DNA repair enzymes in mitochondrial and nuclear transcription [7, 12, 83] .
To explore the importance of sequence-specific oxidation of the mtDNA for TFAM binding and initiation of mtDNA replication, we overexpressed the mitochondria-targeted human DNA repair glycosylase Ogg1 in PAECs as described previously. Increased Ogg1 expression should enhance DNA repair capacity, eliminate oxidized guanines in the DNA, and thereby decrease TFAM binding to the sequence. As predicted, hOgg1 overexpression eliminated hypoxia-induced oxidative damage in the D-loop region of the mitochondrial genome in rat PAECs and attenuated TFAM binding to both D-loop and coding regions of mtDNA, which resulted in prevention of hypoxia-induced mtDNA replication. Interestingly, Ogg1 overexpression suppressed TFAM binding not only to the oxidized D-loop sequence, but also to the mtDNA coding region, which, unlike the D-loop, was not oxidatively modified by hypoxia. These results may indicate that transient oxidative modifications in the regulatory sequence not only increase TFAM binding to the D-loop region, but also facilitate further TFAM binding to the rest of the mtDNA molecule. Elimination of such transient site-specific mtDNA oxidation decreases the amount of TFAM bound to the entire mtDNA molecule and prevents its replication. Interestingly, TFAM has the unique ability to bind to the promoter region in a sequence-specific manner and to non-promoter DNA in a non sequence-specific manner [84, 85] . The mechanisms of TFAM binding to promoter and non-promoter regions are not understood, but according to our results, preferential oxidation of the D-loop region in response to stimuli could be the key factor in orchestrating TFAM interaction with other regions of the mtDNA that leads to its replication.
It is important to emphasize that changes in TFAM binding and mtDNA replication occur without increase in TFAM expression, suggesting that binding of TFAM to the promoter region of the mtDNA, but not its abundance, is a key event in initiation of mtDNA replication. Although it has been reported that mtDNA copy number is directly proportional to total TFAM levels [86] , several lines of evidence show that the link between TFAM abundance and mtDNA replication might be more complicated. For example, Noack et al. showed that mild oxidative stress led to proliferation of the mtDNA, but did not change TFAM protein levels [87] . Another study with transient overexpression of TFAM demonstrated that increase in TFAM abundance in the cell is sufficient to stimulate mtDNA transcription, but not sufficient to increase mtDNA copy number [88] .
Interestingly, despite the fact that hypoxia increased mtDNA copy number, changes in mRNA transcripts of the examined mitochondrial proteins did not occur. It has been reported that mtDNA copy number is regulated by cellular proliferation [89] and, though not studied here, previous reports show that prolonged hypoxia induces proliferation of pulmonary endothelial cells [53] [54] [55] . We consider the observed increase in mtDNA copy number only as an early stage of mitochondrial biogenesis on the threshold of cell proliferation. Initiation of mitochondrial DNA replication uses the same pathways as employed for transcription initiation; therefore the processes of replication and transcription must be highly coordinated. Recently it has been proposed that replication and transcription are mutually exclusive processes in human mitochondria that allow the corresponding machineries to avoid the detrimental consequences of a head-on collision [32] . It was suggested that human transcription elongation factor serves as a molecular switch that allows the organelles either to replicate the mtDNA and regulate its copy number or to elevate its transcription rates. The modest effect of hypoxia on mtDNA transcription observed in our experiments may indicate that, prior to hypoxiainduced cell proliferation, PAECs undergo mtDNA replication without altering the transcription rate.
In summary, our observations suggest that hypoxia causes oxidative modifications that are prominent in the D-loop region of the mitochondrial genome of the PAECs and that such DNA modifications may be important for TFAM binding and subsequent mtDNA replication. These data support our hypothesis that controlled oxidative DNA damage and repair in the D-loop region of the mitochondrial genome are required for mitochondrial DNA replication in hypoxia. The concept that oxidative mtDNA damage might be important for mitochondrial proliferation is supported indirectly by other recent findings. For example, the robust mitochondrial biogenesis that occurs during the postnatal cardiac development in rodents is accompanied by oxidative mtDNA damage and repair [83] . Here too, it was suggested that up-regulation of DNA damage response genes may be involved in control of mitochondrial biogenesis.
The present results are significant because they extend the emerging concept that controlled DNA damage and repair also contribute to regulation of mtDNA replication. In addition, our findings point to a molecular link between a normal, ROS-dependent process and the mtDNA instability characteristic of a variety of diseases including cancer, diabetes, cardiovascular and neurodegenerative diseases.
